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Abstract 
In this paper, a 70 Hz pulse tube micro cryocooler (PTMC) driven by two opposite linear generators has been studied using linear 
theory of thermoacoustic. In contrast to conventional thermodynamic calculation method the results of a small-scale PTC as a 
thermoacoustic system were obtained. Numerical simulation was conducted to design the system and optimum structure 
parameters were obtained. With operating condition of 2.5 MPa mean pressure and 70 Hz operating frequency, a cooling power 
of 8 W at 77 K and a relative Carnot efficiency of 21% were achieved. In order to prove the applicability of numerical simulation 
using linear theory of thermoacoustic to such small-scale cooling system and to better understand the energy conversion 
characteristics of the system, distributions of key parameters such as acoustic work, exergy were presented and discussed. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
Micro cryogenic refrigeration systems based on pulse tube micro cryocooler (PTMC) are devices which are 
referred to a class of thermoacoustic refrigeration machines [1]. As it shown in [1, 2] devices on travelling wave are 
most effective thermoacoustic systems. In thermoacoustic devices based on the travelling wave part of the working 
fluid is subjected to a thermodynamic cycle which is close to a Stirling cycle. However, use of the methods suited 
for Stirling engines designed is not appropriate for thermoacoustic systems by several reasons. Firstly, the value of 
acoustic displacement of gas volumes inside regenerator is several times less than the length of the regenerator. This 
issue blurs such concepts as hot and cold chamber which applied in the Stirling machine. Secondly, in 
thermoacoustic devices working fluid compression ratio is usually not exceed 1.4. In the meantime in Stirling 
machines it can reach the much larger values. This limitation is connected with the wave structure. Due to high 
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pressure amplitude high order harmonic oscillations multiple of base frequency occur which can cause highly non-
linear waves forms (up to shock waves), which significantly worse characteristics of thermoacoustic devices [1]. 
Mechanical Stirling machines in turn are not capable to effectively operate on such small peak-peak oscillations due 
to a presence of high inertness elements such as moving pistons and high active resistance presence due to friction. 
These facts indicate the higher thermodynamic cycle reversibility of thermoacoustic devices in comparison with 
mechanical ones despite the lesser density of energy flux. Accordingly to cryogenic refrigeration system this means 
that thermoacoustic coolers based on travelling wave are capable to reach lower temperature on the same heat load. 
It can be concluded that Stirling refrigeration system optimal geometry is determined mainly from the 
thermodynamic equations whereas thermoacoustic refrigerator optimal geometry (except for thermal core) is 
determined from the condition of optimal acoustic impedance. To better understand the working mechanism and 
provide a useful guidance for designing the small-scale cryogenic systems a numerical analysis based on the Rott 
linear approach and theory of linear thermoacoustics is carried out in this paper [1]. Firstly, the system configuration 
is briefly introduced. Secondly, the numerical model is presented. Thirdly, the simulation results are shown and 
discussed. Finally, some conclusions are made. 
2. System configuration 
The basic configuration of PTMC (Fig. 1) consists of compressor 1, connected through connecting tube 2 with 
cooler. Refrigerator includes ambient heat exchanger 3, regenerator 4, cold heat exchanger 5, pulse tube 6, hot heat 
exchanger, inertance 8 and compliance 9. 
 
Fig. 1. Schematic of 70 Hz pulse tube micro cryocooler system. 
 
Main difference of suggested scheme from the previous simulation of pulse tube cryocooler presented in [3] is a 
presence of driver consisted of two opposite linear motors based on 1S102M/A linear motors. Linear motors convert 
electric energy into the energy of acoustic waves. Linear motor has a piston, which moves in cylinder without 
lubricant. Double-acting opposite linear motors are connected through compression space and connecting tube 
(pressure amplifier) with pulse tube cryocooler. The seal gap between piston and cylinder is equal to 15 μm.  
The rotor with piston of linear motor is mounted on two diaphragms for support of such small seal gap. Movable 
magnet system is installed on the rotor of linear motor. Motionless magnet system (core and magnet winding) is 
located on stator. Technical characteristics of linear motor used in PTMC in this paper are presented in table 1. 
                                                          Table 1. Technical characteristics of linear electric motor. 
Parameter Value 
Maximal piston displacement, m 6,11·10-3 
Moving mass, kg 0.49 
Damping, N·s/m 4.25 
Mounting stiffness, N/m 32000 
Electric resistance, Ohm 7 
Coil conductance, H 0.11 
Coefficient of electric-mechanical connection 0.52 
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Different heat exchanger types were considered during simulation for optimal cryocooler performance. 
Parameters of finned, netted and matrix heat exchangers were evaluate to achieve minimal cold head temperature 
level. As a result, copper finned heat exchanger was chosen as an ambient heat exchanger. Cold heat exchanger is 
also considered as a finned configuration. The regenerator consists of thick stack of plain weave stainless steel 
screens. 
3. Simulation details 
The simulations were conducted with DELTA EC [4] which is based on classical thermoacoustic theory. [1]. The 
software provides a series of modules to simulate different thermoacoustic components and systems: ducts and cone 
channels, different types of heat exchangers, regenerators, yielding, buffer tubing and elements with concentrated 
impedance. System of the equation solution for every design element is executed using Runge–Kutta method on the 
base of  “shooting” algorithm to satisfy boundary conditions which are set by user. 
Equations of continuity, momentum and energy according to a theory of linear thermoacoustics [1] are expressed 
as: 
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where ߱ is the angular oscillations frequency, ܽ the speed of sound, ߩ௠ the mean working fluid density, ܣ the 
channel cross-section area, ௩݂ and ௞݂ are complex functions, which depend on dimensions, channel geometry and 
porosity and gas properties, ߛ the specific heat ratio, ܲݎ the Prandtl number, ߚ the heat expansion coefficient, ௠ܶ the 
mean gas temperature, ߳ௌ the coefficient determined as a relation of working fluid specific heat to a specific heat of 
pore wall material. 
Flux of total power ܪሶ௧௢௧through the regenerator and pulse tube was considered as parameters independent from x 
coordinate. Solid walls were considered as thermally insulated. Total power ܪሶ௧௢௧ depends on x coordinate only in 
heat exchangers. The values of acoustic power and exergy changes in every element were determined from the 
equations: 
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where  ଴ܶ is the environment temperature. 
During the PTMC working process simulation integration was executed in every element with the purpose to 
determine two complex variable ݌ଵሺݔሻ и ଵܷሺݔሻ and two real variable: ௠ܶሺݔሻ и ܪሶ௧௢௧ሺݔሻ. Equality of parameters on 
common border between elements was used as a transition condition. 
In the simulation, the working fluid is helium gas, frequency is obtained to be 70 Hz and mean pressure is set to 
be 2.5 MPa. In the ambient and hot heat exchangers, the solid temperature is set to be 300 K. Heat transfers with the 
environment are set to be 0 for most components except for the heat exchangers. In the cold-head head of the 
PTMC, the solid temperature is set to be 77 K. With the above initial and boundary conditions, simulations can be 
carried out. The relative Carnot efficiency (defined in equation (7)) is taken as the optimization target: 
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where cQ is the cooling power; altW the linear motor (compressor) consumption power. 
 
4. Simulation results 
In this section, the performance of PTMC system is presented. Obtained PTMC dimensions for optimal operating 
mode at frequency of 70 Hz are presented in table 2.  
                      Table 2. Optimized MCRPT dimensions. 
MCRPT construction component Diameter, m Lenght, m Features 
Ambient heat exchanger 2.5·10-2 1.25·10-2 Parallel plate, 
porosity 69% 
Regenerator 2.5·10-2 7.8·10-2 Porosity 75%, 
hydraulic  radius 
64 μm 
Cold heat exchanger 2.5·10-2 2.54·10-2 Parallel plate, 
porosity 69% 
Pulse tube 1.4·10-2 8.4·10-2 - 
Hot heat exchanger 2.5·10-2 5·10-3 Parallel plate, 
porosity 69% 
Inertance tube 4.6·10-3 2.2 - 
 
 
According to the simulation results with 2.5 MPa average pressure, the relative Carnot efficiency of the whole 
system could reach 21%, cooling power at 77 K is equal to 8W. Exergy efficiency of PTMC is equal to 20% where 
compressor COP is 79% (table 3)  
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                                                          Table 3. Physical-technical characteristics of micro cryogenic refrigerator. 
Parameter Value 
Working fluid helium 
Mean pressure, Pa 0.49 
Operating frequency, Hz 4.25 
Pressure amplitude, kPa 32 
Load  temperature, K 7 
Ambient heat exchanger temperature, K 0.11 
Electrical power consumption, W 0.52 
Cooling power,W 8 
Relative Carnot efficiency, % 21 
Exergy efficiency, % 20 
Compressor efficiency, % 79 
 
In order to further understand the characteristics of the PTMC system, axial distributions of the main parameters 
are presented in Figs. 2-7. In the PTMC, the x coordinate begins at the connecting tube and goes to the ambient heat 
exchanger, the regenerator, cold-head, pulse tube, hot heat exchanger, and finally, reaches the phase shifter and the 
compliance.  
According to fig.2, most sudden amplitude fall of the pressure oscillations takes place in the regenerator while in 
heat exchangers and pulse tube its value is much smaller. 
Amplitude of the volumetric velocity oscillations falls on 10% in cooler and most highly in regenerator. Its 
minimal value is reached in cold heat exchanger. In pulse tube the value of volumetric velocity oscillation amplitude 
is increased together with increase of the mean gas temperature. 
 
 
 
Fig. 2 Axial distribution of gas pressure oscillation amplitude. 
 
Fig. 3 Axial distribution of volume velocity amplitude. 
 
Acoustic displacement amplitude of elementary gas volumes is suddenly falls in the regenerator area from 0.12 m 
to 2.19ڄ10-3 m (Fig.4). In pulse tube it varies in a range between 2.19ڄ10-3 m and 7.8ڄ10-3 m. It means that acoustic 
displacement amplitudes in regenerator and pulse tube are in several times less then lengths of these elements in 
contrast with conventional Stirling cryocooler systems where gas is charged through almost entire regenerator.  
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Fig.4 Axial distribution of gas acoustic displacement amplitude. 
 
Fig.5 The influence of electrical power consumption of linear 
motors on cooling power under the 77 K cold-head temperature. 
 
It can be concluded that it is not correct to apply methods of Stirling machines calculations may for micro-scale 
machines based on thermoacoustically driven heat transfer. For correct interpretation of processes in such systems it 
is necessary to take into account wave process (including thermoacoustic heat transfer). 
Plots of the PTMC cold capacity on consumed power and temperature of cryogenic stating on stationary regime 
are presented on figure 5 and 6. 
As it follows from the figure 5, system cooling power is increased together with increase of the electric power 
consumed by compressor. According to figure 6, PTMC cold capacity on the level of 44 K is close to zero and on 
the contrary it rises with the increase of the cryogenic stating temperature. 
The time-averaged distribution of values of PTMC energy parameters such as total power, acoustic power, instant 
exergy change along the length (see Fig. 7). They well correlate with data obtained in [1]. Main part of exergy is lost 
in PTMC regenerator. The value of this loss is maximal near cold heat exchanger. It is probable caused by the factor 
of high viscosity losses in regenerator. The research data obtained in [1] points on the same factors. 
For axial distribution of acoustic power shown in Fig.7, about 90 W acoustic power is used to drive PTMC and 
about 70 W acoustic power is consumed in regenerator. At the cold-end temperature of 77 K, the cooling power is 8 
W. Taking a closer look at the connecting tube, about 7 W acoustic power is dissipated, which is acceptable. 
 
 
Fig.6 Dependency of cold capacity on cryogenic stating 
temperature. 
Fig.7 Diagram of acoustic power, total power and exergy distribution. 
 
5. Conclusions 
A 70 Hz pulse tube micro-cryocooler driven by an opposite double-acting linear alternators has been studied in 
this paper. Compared with traditional thermodynamic method of calculation based on classical thermoacoustic 
simulation was performed to design and obtain structure parameters of the system. At a cold-head temperature of 77 
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K, a cooling power of 8 W and a relative Carnot efficiency of 7% were achieved with 2.5 MPa helium and 70 Hz 
working frequency. Distributions of key parameters in terms of gas acoustic displacement amplitude in various 
elements, cooling power of PTMC depending on compressor power consumption at the steady-state operation, 
acoustic power, flow total power and flow exergy were further studied to better understand the performance and 
energy conversion characteristics of the system.  
Distributions of the time-averaged values of PTMC total and acoustic power and exergy change along the length 
are highly correlate with the calculation results and experimental researches, presented in [5].This means that 
application of the linear theory of thermoacoustic is correct during the calculation of the micro-cryogenic systems 
based on the pulse tube. Applied method of calculation is also correct. 
Presented results are in good agreement with the results of calculation and experimental data given in [3], 
suggesting the correct use of the principles of the linear theory of thermoacoustics for the simulation of micro 
cryogenic pulse tube systems and the reliability of the described simulation  method.  
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